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The present clinical interest in mutagenic agents 
in general and radiation in particular can be seen in 
the current proliferation of popular articles and re-
ports on the effect of mutagens and radiation on 
biological systems. In spite of the continuing con-
troversy over the effects of radiation from environ-
mental sources, the most significant problem today is 
the increasing x-ray exposure of individuals due to 
increasing radiological diagnostic capability and the 
expanding importance of radiographic procedures in 
medical diagnosis . 
Although man has survived radiation from natu-
ral sources during the course of his evolution, there is 
a point at which the risk of exposure is greater than 
any benefit that might be derived. The exposure dose 
at which that risk occurs and how it is influenced by 
the rate of exposure are being studied here at the 
Medical College of Virginia and many other institu-
tions. The human system is extraordinarily well 
adapted to respond to the effects of radiation, chem-
ical mutagens, and clastogens (compounds that break 
DNA strands and chromosomes) through a repair 
mechanism which more often than not returns things 
to normal, but there is a limit to its capacity. 
The genetic risk of radiation has been recognized 
since 1927 when Muller reported that radiation in-
duced mutations in fruit flies .1 Auerbach, using nitro-
gen mustard during World War II, demonstrated that 
chemicals could produce the same kinds of effects as 
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radiation.2 We are now becoming aware of the mag-
nitude of the threat that chemical mutagens pose for 
us in our environment. Since most chemical muta-
gens and clastogens produce effects similar to those 
of radiation, have the same targets and a similar 
dependence on dose and rate of exposure, and since 
the consequences are much the same although the 
mechanisms are quite different, I will concentrate 
almost entirely on the effects of radiation. 
Radiation does not cause new kinds of genetic 
alterations but an increase in the frequency of altera-
tions above the spontaneous level. Also there is no 
obvious threshold dose of radiation; that is, there is 
no dose below which there is no effect. Although no 
threshold dose of radiation exposure has ever been 
established, it is probably true that very low doses 
impose a very low order of risk. 
Human damage by radiation is divided into two 
groups-germ cell ( or presumptive germ cell) damage 
and somatic cell damage. The primary events of alter-
ation, be it the genome, induction of cancer, or death, 
are always intracellular, the target being the genetic 
material found in the nucleus and organized as 
chromosomes. Thus, whatever the nature and extent 
of damage done to humans, it is always first ex-
pressed by cells, then by tissues or organs, and finally 
by the individual. The repair of altered DNA is ac-
complished by a group of enzymes that work with 
great speed and accuracy. Most of the damage pro-
duced by a dose of radiation is repaired by the cell in 
a very short time, but repair systems do not repair all 
of the damage nor is all repair perfect. Many cells 
will, for several reasons, survive and retain their func-
tion in the face of sustained genetic alterations. First, 
cells maintain their synthetic function after exposure 
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to doses of radiation that would kill human beings. 
Enzyme systems and systems that synthesize protein 
in general are not sensitive to large doses of radiation. 
Second, the loss of genetic material is not necessarily 
significant to cells that have differentiated and use 
only that information from the DNA that is pertinent 
to their particular task. Third, the loss of genetic 
material is most often the loss of one half of that 
w.hich is supplied to the cells since it gets informa-
tional content from both parents. Fourth, some of 
the 'genetic material is redundant and the loss of part 
of it, while it may result in reduced capability, will 
not necessarily result in death. Although cells can 
function after exposure to radiation, a large number 
of them will lose their ability to divide and replace old 
cells. After doses of radiation of approximately 200 
rads, many cells loose their reproductive integrity. 
That loss is defined as reproductive death. Death , 
reproductive or actual, is only one significant result 
of radiation . Changes in DNA base pairs, deletions 
of materials, or chromosomal alterations often result 
in mutations that are usually recessive and almo~t 
always deleterious. When expressed, they result in the 
loss of enzyme function and altered proteins. There is 
a growing list of known enzyme-deficient disorders 
and of strljctural protein abnormalities, such as ab-
normal hemoglobin variance, in man. Recessive mu-
tations are not observed until they are present in both 
maternal and paternal chromosomes and therefore 
take at least two generations of breeding to be ex-
pressecj. In somatic cells recessive mutations will of-
ten go unnoticed; large losses or rearrangement of 
material seen as chromosomal changes, chromosome 
and chromatid aberrations, exchanges of material be-
tween chromosomes, and large losses of pieces of 
chromosomes usually cause more trouble and often 
result in the death of the cell. In addition to causing 
changes in the structural integrity of chromosomes, 
radiation often results in changes of chromosome 
number either by the addition or deletion of whole 
chromosomes. Radiation-induced genetic damage 
can be yxpressed in many ways, the simplest of which 
go unnoticed. While death may be the most severe 
result of a mutation, cell death is a minimal problem 
for an organism whose tissues renew cell populations 
continually; however, the death of many cells in criti-
cal stem cell populations of renewal tissues such as 
the gut or the marrow will cause the death 'of the 
individual. But these events do not occur as the result 
of incidental exposure to: radiation. 
The effects of low doses of radiation, chemical 
. I , 
mutagens or clastogenic agents can be listed for both 
germ cells and somatic cells. The expressions of dam-
age to germ cells are abortions, stillbirths, and con-
genital defects including all the known trisomies such 
as Down syndrome. The fact that radiation can in-
duce trisomic developmental anomalies in early 
cleavage cells and germ cells is based both on theoret-
ical considerations and on observations from pub-
lished studies. The failure of chromosomes to disjoin 
at mitosis or meiosis is a well known result of ex-
posure to radiation and an event preliminary to the 
production of trisomics. Germ cells or early cleavage 
stage cells ( em bryogenesis) that are missing chromo-
somes due to nondisjunction or have extra chromo-
somes for the same reason usually fare poorly and 
often result in fetal death. The best studies oftrisomic 
or polysomic conditions in man are those involving 
the sex ~hromosomes. Extra sex chromosomes and 
missing sex chromosomes often produce less dele-
terious consequences in fetal development than 
changes in number of other chromosomes, but they 
are never without later developmental cc:>nsequences. 
The same developmental problems can be produced 
by the insertion of pieces of chromosomes in other 
chromospmes or the loss of pieces of chromosomes. 
The el(pression of somatic cell damage depends 
on when the damage is d~ne. Damage done to fetal 
cells wi)I often result in congenital defects and/ or 
death. A minimal number of cells altered a't the time 
when they are differentiating into a tissue or organ 
system can produce a partially or totally defective 
system . The earlier in development that exposure to 
radiation occurs, the greater is the risk of congenital 
defects. The risk of a particular system being defec-
tive is dependent on the stage of differentiation of 
that system at the time of radiation exposure. Differ-
entiating cells are by far the most sensitive cells in the 
human system and they are apparently sensitive be-
cause their repair systems are not operating during 
the time they are differentiating. Differentiating cells 
are sixtyfold as sensitive as nondifferentiating cells . 
It is also clear that cells undergoing the complex 
process associated with organogenesis are particu-
larly susceptible to genetic loss. Following organ-
ogenesis , the systems become considerably more re-
sistant to radiation exposure or exposure to chemical 
mutagens. The first two trimesters of fetal develop-
ment have been considered by radiologists to be so 
sensitive that most try to avoitj extensive radiological 
investigations to women who may be pregnant. The 
last trimester has been considered to be a safe period 
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to the fetus, but current investigators have raised 
some questions about the extent of fetal resistance io 
radiation-induced damage even at that period of fetal 
development. Probably the most extensive investiga-
tion of the effect of radiation on developing fetuses is 
the Oxford Study directed by Stewart et al,3 which for 
all its excellence remains one of the most informative 
but controversial studies on this subject. Although it 
is a continuing investigation, the Oxford Study has 
already provided data that indicates that obstetric 
radiology as practiced some years ago in England 
increased the prevalence of childhood cancers in gen-
eral and more specificially the risk of leukemia. That 
risk appears to be a function both of the number ofx-
ray films taken while the fetus is in utero and the 
stage of fetal development. Four other studies in-
volving the effects of radiation on developing fetuses 
also indicate that obstetric radiology even to third 
trimester fetuses has probable deleterious effects. One 
study by Meyer, Tonascia, and Merz4 indicates that 
there is a 15% increase in fertility in young females 
exposed in utero and also a suggestion of differences 
in growth, development, and behavior between ex-
posed and control populations. Exposed women (in 
utero) have completed fewer grades of school, have 
poorer general health, more menstrual problems, 
more of certain diseases and accidents, and are heav-
ier for their height than the control population . Mul-
linex and her colleagues5 working with rat fetuses 
irradiated in utero have observed significant changes 
in the behavioral activities of the rats that are ex-
posed as compared with controls. 
The major effect of very low doses of radiation 
on adult somatic cells is the induction of tumors. One 
of the difficulties of estimating the relationship be-
tween exposure to radiation and the induction of 
tumors is the long latent period between the induc-
tion and the growth of the tumors. There is little 
doubt, however, that tumors are induced by radiation 
at low-dose levels . The most common cancer induced 
appears to be leukemia possibly because no matter 
what area of the body is irradiated, circulating pe-
ripheral cells are always exposed and exposed fre-
quently. To understand. the risks involved in radia-
tion exposure, one must remember that the dose of 
radiation calculated to double the natural incidence 
of diseases as a consequence of radiation exposure 
(the doubling dose) is somewhere between 20 rem 
and 200 rem . A rem is the absorbed dose in rads 
multiplied by modifying factors such as tissue sensi-
tivity and the penetrating or ionizing qualities of the 
radiation in _question, with the test or biomedical 
endpoint being measured. For most purposes one can 
substitute the radiation absorbed dose (rad) for rem : 
One rad equals an absorbed deposition of energy 
equivalent to iOO erg/ gm of tissue. The maximum 
permissible exposure to non-radiation workers is 0.5 
rads per year. Radiation exposures associated with 
typical diagnostic procedures such as chest films, gas-
troiritestinal series or an intravenous pyelogram 
(IVP) are usually weli under the permissible dose, the 
exception being the doses associated with the diagno-
sis and treatment of serious diseases. Most people 
never are exposed to as much as 20 rads of ionizing 
radiation in a lifetime. Even then the risk would be 
low but riot insignificant since a 5 rem gonadal dose 
per generation to a population would increase disease 
due to mutation from 0.5% to 5.0% at equilibrium in 
the population. 
The questions regarding the advisability of ex-
posure to radiation are almost always those of risk vs 
benefit. Reasonable answers can be made only by 
using care, judgment and flexibility . Mutagenic 
agents are ubiquitous in the environment; they are 
always dangerous, but in many instances the benefits 
outweigh the risks associated with exposure. If a nor-
mal incidence of a disease or condition is I I I 00,000 
individuals, doubling the risk only increases it to 2/ 
I 00,000. That risk is not meaningless, but in many 
instances it is low enough to negate concern when 
reasonable benefit is to be derived from exposure. 
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